Gravel constitutes the filter medium in subsurface flow constructed wetlands (SSF CWs) and its porosity and hydraulic conductivity decrease over time (clogging), limiting the lifespan of the systems. Using gravel of poor quality accelerates clogging in wetlands. In this study, gravel samples from six different wetland systems were compared with regards to their mineral composition and mechanical resistance properties. Results showed that both mineralogy and texture are related to mechanical resistance. Accordingly, gravel with high content of quartz (480%) showed a lower percentage of broken particles (0.18-1.03%) than those with lower content of quartz (2.42-4.56% media broken). Although granite is formed by high durability
INTRODUCTION
It is widely recognised that clogging is the main operational problem in subsurface flow constructed wetlands systems (SSF CWs) (Knowles et al. 2010) . Solids accumulation from external sources (wastewater suspended solids) as well as internal sources (chemical precipitates, plant detritus accumulation and biofilm growth) results in porosity and hydraulic conductivity decrease over time (Platzer & Mauch 1997; CasellesOsorio et al. 2007; Kadlec & Wallace 2009 ). In early stages, clogging develops near the inlet zone of the wetland and results in water ponding. Ultimately, clogging processes can cause preferential flow and hydraulic short-circuits, causing a decrease in pollutant removal efficiency (Rousseau et al. 2005) .
Since there are few controllable factors once these systems are in operation, it is essential to apply the best design criteria that prevent clogging development. Several design factors are of particular importance, such as organic and solids load (Wallace & Knight 2006) , upstream treatment processes (Cooper et al. 2005; Barros et al. 2008; Griffin et al. 2008) , size and aspect ratio of the bed (García et al. 2005) , inlet flow distributors (Griffin et al. 2008; Knowles et al. 2009a) , operational strategies (Behrends et al. 2001; , vegetation choice and maintenance (Bécares 2004) , and media characteristics .
SSF CWs are biological reactors in which a filter medium (namely gravel) constitutes the key element that supports plant and biofilm growth. The filter media's hydraulic conductivity is directly related to particle size distribution (Kadlec & Wallace 2009 ), although the shape of the particles is also important. It is recommended to use uniform washed gravels in order to avoid the presence of large quantities of fine materials. Furthermore, rounded gravels are recommended over irregular gravels (Griffin et al. 2008) .
Granitic gravel is generally recommended for the construction of wetlands mainly due to its resistance to acid attack (García & Corzo 2008) . In many cases, however, and due to economical reasons, the gravel employed for wetland construction is the one that can be obtained from the nearest supplier, regardless of mineral composition. Furthermore, Pedescoll et al. (2009) found that the accumulated sludge in two different field scale wetlands had the same mineral composition than that of the filter medium, and hypothesised that clogging in these systems may be influenced to a certain degree by gravel disintegration via both chemical and physical processes. This study aims to evaluate the mechanical resistance of different types of gravel used as filter media in wetland systems. Results obtained will contribute to best design criteria to minimize clogging derived from media crumbling in SSF CWs. Note that currently available wetland design books and guidelines do not give specific recommendations on mechanical resistance of filter media. To the best of our knowledge this is the first time that an investigation has been conducted on this specific topic.
METHODS
Filter media samples (consisting of gravel) from six different wetlands treating urban sewage were obtained in order to conduct this study (Figure 1 ). Wetlands are located at Corbins, Verdú , Arnes, Gualba (Catalonia, Spain), Moreton Morrell (Warwickshire, UK) and NEWWET's gravel (from an experimental plant located at the Technical University of Catalonia, Barcelona, Spain). In all these wetlands, several parameters related to clogging were previously measured, such as hydraulic conductivity and solids accumulation. For Corbins and Verdú data are available in Pedescoll et al. (2009) , for Arnes and Gualba data are partially available (hydraulic conductivity) in Samsó et al. (2009) and for Moreton Morrell data are available in Knowles et al. (2009b) , whereas the rest is yet to be published. February 2009, and NEWWET's gravel was the original material used as the filter medium of an experimental plant.
Gravel mineral composition
The six gravel samples were processed according to the EN-933-1 and EN-932-2 standards (AENOR 1999 (AENOR , 1998a . Samples were milled to a particle diameter of 0.063 mm and were subjected to X-ray diffraction analyses using a Siemens D-500 diffractometer equipped with a copper pipe. Diffractometry was carried out from 41 to 701 with steps of 0.051 every 3 s. Diffractograms were interpreted by means of DIFFRACplus EVA software (Bruker AXS, Karlsruhe, Germany). This analysis is mainly qualitative, though a semi-quantitative analysis was conducted. The diffractogram obtained was compared with different standard patterns of minerals. From the standards selected during the diffractogram interpretations it is possible to calculate the percentage by mass of each standard in the sample. Therefore, the results should be interpreted as an approximate value.
Mechanical resistance tests
Gravel mechanical resistance was assessed by the application of three different standard tests commonly used for soil science. The tests applied were the Standard Proctor test (UNE 103500 (AENOR 1994), which corresponds to ASTM D-698:1978) (breakability), Los Angeles Abrasion (LAA) test (UNE-EN 1097-2 (AENOR 1998b), which corresponds to ASTM C-131:1965) and the Slake Durability test (NLT-251/91 (CEDEX 1991) , which corresponds to ASTM D-4644-87:1998) (to assess the durability of the media under cycles of moisture and dryness).
The Standard Proctor test consists of subjecting a sample of porous media to 26 impacts from a metal hammer (2.5 kg). In soil science results are expressed in terms of soil sample compaction; however, we modified the outcome of the test to express the degree of broken media. A novel granulometric test was performed before and after the Proctor test was applied to each gravel sample, and the Breakage Index was calculated as:
where: B is the Breakage Index, in %; D 60o is the D 60 value before the Proctor test was applied (in mm); D 60f is the D 60 value after the Proctor test was applied (in mm). The D 60 is the sieve diameter (in mm) through which 60% of the weight of a gravel sample passes. For each gravel sample the test was repeated three times.
The LAA test consists of subjecting 5 kg of a sieved fraction of gravel sample (with grain size 14-10 mm) to abrasion and attrition forces by placing the gravel sample and nine steel balls in a standardised drum. After 500 revolutions at constant 31-33 revolutions per minute (rpm), the sample is sieved again (10-14 mm) and weighed. Finally, the LAA index is expressed as the percentage of loss of material mass. Moreton Morrell's and NEWWET's gravels were not subjected to this procedure due to an insufficient quantity of media in the 10-14 mm size range. One test was performed for each sample analysed.
Finally, the Slake Durability test consists of evaluating the weight loss of a gravel sample (B0.5 kg) subjected to cycles of dryness and moisture. The test consists of placing the gravel sample in a drum (made of metal mesh) submerged in 20 mm of tap water (water level is below the drum shaft). The drum containing the sample is revolved at 4071 rpm for 30 minutes. After that, the sample is dried and weighed again and the weight loss calculated. The procedure was conducted twice in order to obtain the I d2 (index after two cycles of drying-moisture). Each test was repeated three times.
RESULTS AND DISCUSSION

Gravel mineral composition
Results from X-ray diffraction showed that, except for the Arnes' gravel (calcareous nature with dolomite (B65%) and calcite (B35%)), analysed gravels were of granitic nature as recommended by García & Corzo (2008) (Table 1) . Moreton Morrell's and NEWWET's gravels are composed mainly of quartz. Corbins' and Verdú 's gravels are a combination of quartz and calcite (ca. 60% of the total composition) and Gualba's gravel presents typical granite composition (quartz, mica and feldspar). Therefore, with the exception of Corbins and Verdú , all the gravels are mineralogically dissimilar. Note that Corbins and Verdú treatment plants were constructed and are operated by the same company, and are located within the same geographical area, thus their gravel probably comes from the same quarry.
Mechanical resistance
The results obtained from the LAA test obtained for the different gravels (Table 2) The resistance of gravel to alternate periods of moisture and dryness provides very similar results for all tested gravels, though Gualba's gravel showed the lowest value (98.3% for Gualba's gravel, while the others were above 99%, see Table 2 ). According to Johnson & DeGraff (1988) all tested gravels are classified as highly durable. It is important to point out, however, that in this study the Slake Durability test was carried out under neutral conditions (water pH around 7). Gravel in SSF CWs is exposed to temporal and spatial variations of pH (Kaseva 2004; Wiebner et al. 2005) , and pH has been described to affect the Slake Durability (Gupta & Ahmed 2007) . Therefore, further research should be carried out to determine the effect of pH on mechanical resistance of gravels placed in constructed wetlands.
Similarly, Gualba's gravel had the highest Breakage Index as measured by the Proctor test (4.5672.49%), whereas Moreton Morrell and NEWWET's gravels were the most resistant materials (1.0370.57 and 0.1870.15%, respectively; see Table 2 ). The results of the different mechanical resistance tests for a particular sample showed a good correlation (the best correlation was that of the Slake Durability test and the LAA test -R 2 ¼ 0.97). Therefore, the use of any of the applied tests may lead to a similar conclusion in regards to mechanical resistance properties of gravel. However, the LAA test offered a greater variation in the results obtained (since it is the most aggressive test) and therefore the LAA test allows differences between samples to be described with a greater resolution than the other two tests applied in this study. Moreover, all these tests, though interrelated, offer different information about mechanical resistance. Looking at the conditions to which the gravel is subjected in a wetland (i.e. permanently saturated, thus not subjected to dry and moisture cycles), the LAA test seems to be the most useful test because it reproduces better the attrition forces applied to the gravel during the construction and maintenance tasks in the wetland.
Relation between gravel properties and clogging
The results of this study indicate that higher mechanical resistance generally corresponds to gravel in which quartz is the main mineral compound, except for Gualba's gravel (Tables 1 and 2 ). Gravel durability is related not only to its mineralogical composition, but also to its texture (Dhakal et al. 2002) . Therefore, the non-homogeneous texture of Gualba's gravel (Figure 1 ) could be the reason why it presents a lower mechanical resistance in spite of its dominant granitic composition. Furthermore, Gualba's wetland had the highest amount of accumulated solids among the analysed wetlands (between 1.8 and 18 kg DM/m 2 ), even though it is the youngest of the surveyed systems (12 months old). Table 3 shows some characteristics related to clogging in SSF CWs. Note that most parameters are given in ranges and not as an average because samples (taken from discrete points along the wetland) will not give a representative picture of the state of clogging when averaged. The distribution of hydraulic conductivity, accumulated solids and the percentage of volatile solids (VS/TS) greatly vary along the bed. Typically, hydraulic conductivity is lower near the inlet and improves towards the outlet Knowles et al. 2009a; Pedescoll et al. 2009 ), while accumulated solids shows the inverse behaviour. Moreover, the nature of accumulated solids tends to be more organic in the inlet than in the outlet of the wetland (Tanner et al. 1998) .
Although Gualba's wetland receives a high solids loading (26.5-89.9 g.m À1 .day À1 ), which according to literature may accelerate clogging (Wallace & Knight 2006) , the advanced clogging state of this wetland cannot be explained solely by considering organic loading. Note that older systems (such as Corbins or Moreton Morrell) present lower values of clog matter accumulation than Gualba wetland. Moreover, in the older systems the percentage of volatile solids was roughly between 10% and 20% higher than in Gualba's bed, then more organic. The high mineral content in the Gualba's sludge cannot be only explained by mineralisation of the organic matter.
One plausible hypothesis for the high content of mineral solids that have contributed to the rapid clogging state of Gualba wetland is the gravel disaggregation. In SSF CWs, vegetation is removed annually in order to avoid deposition of plant debris on the surface of the wetland (Bécares 2004; Turon et al. 2009 ). This management procedure is generally carried out using heavy machinery that would expose gravel to high mechanical aggression (compacting and attrition forces) and, therefore, may enhance gravel disaggregation. From the results obtained in this study it is not possible to predict how much the gravel matrix (or rather its mechanical resistance properties) will contribute to clogging development, since it depends to a great extent on the type of operation and maintenance performed on the wetland. Furthermore, it is necessary to conduct resistance tests under varying pH conditions. Overall, the resistance to abrasion test (LAA test) seems to be a good indicator to determine the quality of the gravel. Accordingly, the solids accumulations in wetlands in which the gravel has LAA test results below 25% had correspondingly low mineral compositions, whereas systems in which gravel has LAA test results above 30% (such as Gualba) had solids accumulations with a higher mineral content. In wetlands where the LAA test is above 30% the clogging could be enhanced by the accumulation of inorganic solids from gravel crumbling.
CONCLUSIONS
Gravels composed mainly of quartz are harder than those containing calcareous materials, and thus less susceptible to disaggregation under mechanical stress. Gravels containing granitic minerals are durable; however, they are more prone to disaggregation through mechanical stress due to their rough texture. Therefore, it is preferable to use limestone pebbles (rounded and uniform) than harder and rougher materials when quartz-rich gravel is not available.
The LAA test is the most adequate indicator of all those tested to determine the mechanical resistance properties of the gravel, since it is the test that best reproduces the conditions that gravels undergo in a wetland. In wetlands where the LAA exceeds 30% the clogging phenomena might be influenced to a greater extent by gravel crumbling and the subsequent accumulation of mineral solids.
